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Abstract 
Currently Systems Engineering is used in product development to support interdisciplinary collaboration and to manage rising 
complexities at a given time and cost frame. Production system development is facing similar challenges. Especially production 
systems for mechatronic products and Cyber Physical Systems demand interdisciplinary approaches. Therefore this paper 
investigates how Systems Engineering can be applied to cope with these arising challenges in production system development. 
On the basis of a comparison between current production system development procedures and Systems Engineering 
methodologies, potential improvements are identified and a tailored production system development approach is presented.  
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1. Introduction 
In the last decades, a continuous transition from mechanical 
to mechatronic systems and Cyber Physical Systems (CPS) 
takes place. This transition results in a rising complexity of 
systems. Therefore the development of product and production 
systems face the challenge of rising complexity at a given time 
and cost frame. Traditional discipline-specific development 
methods reach their limits because of missing interdisciplinary 
collaboration. Systems Engineering (SE) is a promising 
approach to deal with these challenges.  
Today, “mechatronics” has a rising impact on products. The 
interaction of mechanic, electronic and software technologies 
characterize many modern products. The evolution of 
mechatronics did not only effect the development of resulting 
products themselves, but also of the affiliated production 
systems. On the one hand, mechatronic systems enable more 
adaptive and robust products, on the other hand these 
innovative products need modern and complex production 
systems [1]. For production and operation, a combination of 
different disciplines is required. For developing such complex 
mechatronic production systems, suitable approaches to deal 
with complexity and interdisciplinarity are needed [2]. 
Interdisciplinarity places high demands on the collaboration of 
every involved participant. In interdisciplinary work contexts, 
experts with different qualities, varying knowledge bases and 
different perspectives come together. Reaching a shared 
understanding is substantial for working target-oriented 
together. Therefore, an effective approach to resolve this 
challenge is necessary. Currently SE is common in product 
development to support interdisciplinary collaboration and to 
manage rising complexities at a given time and cost frame. 
Systems Engineers ensure that developed products meet the 
requirements of all stakeholders. Further, the listed 
requirements are described in an understandable language for 
all stakeholders involved. This requirements-driven foundation 
builds up a communicative framework to mitigate 
interdisciplinary cooperative problems. Therefore with regard 
to complex production systems, a tailored SE approach 
focusing on requirements categorization is proposed in this 
paper to deal with the complex and interdisciplinary 
development of production systems.  
SE emphasizes core aspects such as requirements 
management, verification and validation etc.. Among them, 
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requirements management has a significant importance to 
guide the development of systems meeting the requirements of 
all stakeholders. An industrial survey among a wide range of 
companies reveals, that requirements management plays a key 
role in all aspects of SE [1]. The requirements-driven approach 
in SE serves as a framework for the development of systems. 
So far this approach was mostly used for product development. 
In this paper, the SE approach is tailored to developing modern 
production systems.  
Developing production systems distinguishes from the 
development of products. One core aspect is the focus on the 
associated production process. Developing production systems 
determines not only the production system itself, but also 
manufacturing and assembly processes, features of future 
products and connected business processes. Therefore existing 
requirements-driven SE approaches for product development, 
which focus on the created system itself, are not suitable for 
production system development without prior tailoring. 
Besides, the INCOSE handbook [14] states tailoring and 
intelligent application of SE approaches are essential to achieve 
the proper balance between the risk of underachieved technical 
and business objectives and too closely keeping to defined 
processes. Therefore, tailoring the requirements-driven SE 
approach of product development to production system 
development is necessary. On the basis of a comparison 
between current production system development procedures 
and SE methodologies, potential improvements are identified 
and a tailored production system development approach based 
on requirements-driven SE is presented.  
The contribution is structured as follows. Based on an 
introduction to complex production systems (chapter 2), the 
state of the art of production system development 
methodologies and requirements categorization of production 
systems are presented (chapter 3). In chapter 4, the drafted 
tailored production system development approach based on 
requirements-driven SE is described.  
2. State of the art  
2.1. Complex production systems 
To get a better understanding of the development 
methodologies for production system, complex production 
systems are introduced in this chapter.  
The task of a production system is to transform inputs into 
outputs (e.g. products, parts) by using value-creating processes 
like manufacturing and assembly [3]. Complex production 
systems are defined as production facilities with the ability to 
automatically execute single functionalities [4]. The 
automatized functionalities can include information and 
material flow, manufacturing and assembly. Complex 
production systems typically consist of three subsystems: 
information system, material flow system and 
manufacturing/assembly system [4]. A systematic graphical 
illustration for a complex production system is given by [5] 
(show in figure 1). 
The information system enables processing of information 
for monitoring and control during the production process. Its 
main tasks are to store, process, manage and exchange 
information. The material flow transports, stores and prepares 
material, machines, work pieces and thereby to provide 
equipment, tools etc. Manufacturing/assembly systems 
encompass all production means to complete the production 
task. Based on these subsystems, a production system can 
execute different production processes subsuming technical, 
logistic, management and supporting processes.  
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Fig 1. Components of complex production systems [5] 
 
Complex production systems, which are interdisciplinarily 
developed, are capable of producing complex products like 
mechatronic products. Currently, the production of mechanical 
and electrical components are performed separately. This 
separation of the production processes is disadvantageous for 
meeting comprehensive technical and time requirements, for 
example reaching an ambitious accuracy [6]. In this paper the 
development of such a production system is called 
“interdisciplinary development of a production system”. 
2.2. Development methodologies for production systems 
For comparison with current production system 
development approaches, REFA [4] and VDI 4449 [9] are 
illustrated in this paper. REFA [4] describes a generic 
development procedure for production system, which takes a 
lot of existing development methodologies for production 
system into account. VDI 4449 [9] summarizes modern 
approaches of development of production systems. Therefore, 
these two methodologies are introduced as references in this 
paper. 
The procedure for development and implementation of 
complex production systems presented by REFA [4] is shown 
in figure 3. Particular attention is paid to the holistic approach 
considering technology, organizational methods and inclusion 
of personnel. Although the method consists of phases and 
milestones, the sequence of the approach is flexible. Iterations 
and shortcuts are possible. [4]  
In the first phase “analyzing initial situation”, the current 
situation of the production system, including product spectrum 
and existing facilities, is analyzed.  
The objective of the system is specified and divided into 
sub-objectives in the following phase “concretization of the 
planning task”. Aspects of technology, organizational methods, 
personnel and costs are considered. Finally, the project scope 
is determined.  
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Fig 2. Systematic planning and implementation of complex production systems 
[4] 
 
In the phase “rough planning”, the production sequence is 
determined. Additionally the required equipment and 
manufacturing means are selected. Usually several solution 
alternatives are received after finishing this stage. The most 
suitable solution is selected by evaluation.  
After that, the rough concept is concretized. Individual 
operations for each production sequence should be determined 
and detailed. The planning of equipment, material flow system 
and information system of all production stations are also 
derived in the phase “detailed planning”.  
The phase “system implementation” serves for improving 
and completing the developed production system. Training, 
acquisition and installation of equipment is supplemented.  
The complete system is tested and documented in the last 
phase “system operation” of this approach.  
This procedure provides a general guidance for developing 
complex production systems. Nevertheless an interdisciplinary 
collaboration and the domain-specific elaboration is not 
mentioned.  
A representative process model for production system 
development based on VDI 4449 [9] is shown in figure 2. This 
figure illustrates the consecutive elements of this approach. The 
process model consists of five stages from process planning to 
series production. During these stages various processes are 
performed. At first the layout planning is carried out, 
afterwards the design process (including mechanical, electrical, 
fluidic and software) is performed and results are tested. All 
needed resources are purchased and assembled. After finishing 
these processes, the production is tested mainly during start-up 
management and afterwards the series production is started.  
Other production system development methodologies like 
[7, 11, 12, 13] also provide generic approaches and guidelines 
for the development of production systems. Similar to [4] and 
[9] the involvement of multiple disciplines and an 
interdisciplinary collaboration, which is needed for modern 
complex production system development is not considered as a 
core aspect.  
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Fig 3. Production systems development process [9] 
 
3. Systems Engineering approach focusing on 
categorization of production systems development 
requirements 
In chapter 2 existing development methodologies for 
production systems were introduced. These approaches are 
characterized by their sequential nature. Further, the interaction 
between different disciplines is not considered explicitly. 
Therefore a modern SE system development approach based on 
requirements categorization is introduced and tailored to 
interdisciplinary development of production systems. 
3.1. Systems Engineering with perspective of life cycle  
The International Council on Systems Engineering 
(INCOSE) [14] defines SE as an interdisciplinary approach to 
enable the realization of successful systems. To some extent, 
the complexity in product development is based on 
interdisciplinarity. SE integrates all involved disciplines and 
specialty groups into a team effort forming a structured 
development process that proceeds from concept to production 
to operation. During this proceeding all business, technical, 
budget and time-driven needs of all stakeholders are considered 
and defined early in the system development cycle with the 
goal of providing a quality product that meets the stakeholder 
needs. [14] 
Based on the life cycle of a system, requirements for 
development and support are derived. The life cycle of a system 
is normally stage-based. Typical life cycle-stages are concept, 
development, production, utilization and retirement. A life 
cycle model is a framework that can be used as a SE-based 
development tool to ensure that the developed system meets its 
requirements throughout its life [14]. Requirements of all 
subsequent stages have to be determined and taken into 
consideration while operating one stage. This is especially 
important during earlier stages, like concept and development 
stage, in order to make appropriate decisions to meet the 
requirements of later stages in an affordable and effective 
manner.  
Systems Engineers take attention to defining requirements 
from different phases in the life cycle to support system 
development. They run and direct the development process to 
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get a solution based on present requirements. These 
requirements can be defined by design, integration, 
verification, operation and retirement from all life cycle stages. 
Also, Systems Engineers ensure the collaboration with all 
involved domain experts. Furthermore, beneficial 
opportunities are pursued and significant risks are identified 
and mitigated. [14] 
A generic requirements-driven SE approach for developing 
generic systems is shown in figure 4 [15]. This approach is used 
in product development, but was also applied to an aerospace 
production system [8, 15, 16]. Figure 4 illustrates that all 
requirements should be considered in the early concept & 
development stage. Afterwards, these requirements are 
analyzed, evolved and specified for every stage. Obviously, 
these requirements and constrains from different life cycle 
stages have to be captured during (and before) product and 
production systems development to make sure that 
expectations are met. Looking at the SE approach from a 
production perspective, requirements need to include 
constraints with regard to the availability of production 
technologies and resources.  
Concept & Development
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Operation
Recycling & Disposal
R
equirem
ents
driven
D
esign
influence
 
Fig 4. Requirements-driven SE approach based on the generic system life cycle 
[15] 
3.2. Requirements of production systems  
The development and operational management of the 
production system is driven by a set of requirements. Gathering 
and classification of requirements is a part of SE as well as one 
of the most important contribution of this paper. This 
requirements management is for example described in [10]. A 
complete but minimum set of requirements shall be established 
before starting conceptualization [14]. 
Every system life cycle encompasses multiple aspects, 
including time-driven aspect and three in [14] mentioned 
business, budget and technical aspects. The Systems Engineer 
ensures that technical solutions are consistent with business, 
time and budget aspects. In the following, these four aspects 
and restrictions will be considered for the derivation of general 
requirements for production system development. 
The time-driven aspect can be translated into a schedule for 
the engineering phase, production rate and specific order lead 
times, etc.. The key performance of business cases is derived 
from “Earned Value Measurement”. The budget aspect deals 
with the required investment. Meeting all needs of the required 
product performance depends heavily on technical aspect, e.g. 
product design, material selected. Because of the close 
relationship between the business, budget and time-driven 
aspects with the financial aspect, the first group of 
requirements is summarized. There are two critical parameters 
that engineers sometimes lose sight of: time to breakeven and 
return on investment [14]. Besides the technical impact to 
satisfy the two critical parameters, the market requirements 
play a key role. The market requirements cover “time to 
market”, “volume to be produced”, “average processing time”, 
“order types”, etc. These factors directly influence the 
development of complex production system. The bandwidth of 
produced products is reflected by order types (specific or repeat 
orders) and order lead times. To fulfill these requirements, the 
production system development and derived solutions need to 
be adapted.  
The second group of requirements aims at the technical 
aspect of the production. These requirements are collected from 
required system functions, stakeholder requirements, critical 
quality characteristics and technical risks [14]. That means that 
a corresponding production system and its manufacturing 
means should be capable to achieve the requirement of 
ambitious tolerances. This group of requirements is linked with 
production engineering and elaboration. Operation and 
maintenance processes influence layout planning. Key 
indicator for the assessment is conformity to all functional and 
quality requirements.  
The last group of requirements is derived from restrictions 
like safety, health and environmental regulations. Law 
requirements might restrict the use of manufacturing means. 
Limits for emissions or maximum waste directly impact the 
whole production system and its design. Compliance to 
regulation statements is the key indicator of this requirement 
group.  
These requirements are observed from a top level viewpoint 
with production perspective. Systems Engineers have to 
continue to develop and allocate the requirements to lower 
level engineering decisions for parts of the production system. 
4. Interdisciplinary development of production systems 
with Systems Engineering (exemplification in VDI 4409) 
Based on the system life cycle, a requirements-driven SE 
approach for system development was shown in figure 4. In this 
chapter, the requirements-driven approach will be expanded 
and tailored to the production life cycle. As aforementioned, 
[9] summarizes and describes modern production systems. 
Therefore, the production system life cycle (shown in figure 5) 
introduced in VDI 4449 is taken as an illustrative example to 
introduce the general concept of how to use requirements-
driven SE approach to interdisciplinarily develop production 
systems. The focus of this paper lies on the usage of SE in 
production system development and not presenting a new 
specified sequential production system development procedure 
like [4, 9].  
Although all phases are sequentially ordered, overlapping or 
iteration among these phases is possible and intended in order 
to apply aspects of concurrent engineering [9]. In the following, 
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the phases of this production life cycle are described and 
referenced from [9]. 
 
Planning of assembly and
production process
Planning of production
facilities
Assembly and commissioning
of production facilities
Start-up
management
Series production
Retirement
 
Fig 5. A generic production life cycle based on [9] 
 
The first phase “Planning of assembly and production 
processes” begins with the selection of suitable processes and 
technologies to be used. Afterwards planning of sequence, 
fixtures, operating equipment and selection of suitable tools are 
performed. A rough capacity calculation is carried out. 
Concluding planned products must be matched with the 
production equipment to be used. 
For the next phase “the planning of production facilities”, 
the individual processing stations need to be planned out in the 
second phase. Afterwards the quantity of operating equipment 
will be determined and cycle times are calculated. Interlinkages, 
inputs, outputs and the production sequence are planned. With 
these results, the work time model and the workstation for 
individual employments in parts manufacturing and assembly 
will be defined.  
The following “assembly and commissioning of production 
facilities” phase can be divided into two parts: Assembly of 
components leads to complete products while Commissioning 
includes functional and performance tests of actors and sensors, 
mechanical and electrical presets and the complete facilities. 
These test results will deliver concretized certain information 
like cycle times and process quality.  
After that, the “start-up management” phase is used to 
monitor the start-up situation, which has been planned for 
series production, like system availability, cycle times, parts 
quantities, etc.. 
The last phase “series production” provides the final 
production process. Referring to an increasing 
individualization and customization of products, “series 
production” should be understood dependent on orders (for 
example customized series production).  
Based on this life cycle and the requirements summarized 
and stated in section 3.2, a requirements-driven SE based on 
production system life cycle is tailored for interdisciplinary 
development of production system. Figure 6 illustrates the 
developed requirements-driven SE approach. 
Systems Engineers gather and analyze stakeholder 
requirements for all production life cycle phases. These 
requirements are considered during production system 
development as target and guide development of production 
system in every life cycle phase. Requirements are the 
foundation of the system definition and form the basis for the 
architecture, design, integration and verification [14]. 
Therefore, requirements are considered early in the production 
life cycle. Derived requirements are the basis of all subsequent 
life cycle stages.  
Planning of assembly and
production process
Planning of production
facilities
Assembly and commissioning
of production facilities
Start-up management
Series production
R
equirem
ents
driven
D
esign
influence
Retirement
Fig 6. Requirements-driven SE approach for a generic production life cycle 
based on [15] 
 
Besides defining requirements, systematic processes are 
also essential in production system development. The 
INCOSE-handbook [14] is a good reference for necessary 
supporting processes. Every process can support the 
development of a system and has an individual contribution to 
the production systems development.  
The project planning process for example is especially 
important for the first two stages of production systems. Project 
planning establishes the infrastructure necessary to enable the 
assessment and control of the project progress and identifies 
details of the work and the right set of personnel, skills and 
facilities with a schedule for needed resources from within and 
outside the organization [14]. In the first two planning phases 
the definition, planning and engineering for the production 
system is done. To achieve these tasks a coordination to create 
effective and workable plans is required. Successfully defining 
these requirements can not only directly affect completion date 
of production systems, but also “product time to market". 
Other SE processes also play an important role for 
production system engineering. The implementation process 
for example serves for realizing specified system elements. It 
provides the implementation strategy, implementation 
constraints, etc.. The operation process supports the facilities 
for operation of productions systems and deliver its production 
services. The quality assurance process is very useful to ensure 
an effective application of the organization’s quality 
management.  
The key processes from SE for the requirements-driven 
approach are Stakeholder Needs and Requirements Definition 
process and Systems Requirements Definition process. They 
define and transform the stakeholder requirements for the 
whole production system. They provide the stakeholder needs, 
the requirements definition strategy and finally the derived 
requirements. Changes in the requirements after the definition 
phase result in technical adjustments and rising costs entailed 
[14]. SE provides a structured and effective way to support 
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these processes and therefore enable an effective system 
development.  
In section 3.2 three determinant requirement groups were 
defined. In the following it is described, how these 
requirements can be achieved during the production systems 
development process.  
Using SE approach to meet requirements from available 
technology and resources, can decrease iterative loops during 
the production systems development and therefore save time. 
A design decision on product level will directly force an 
adaption of production system development (required 
tolerance, production capability, variants etc.). These 
requirements serve as driving forces on production systems 
development level. They can be divided into detailed elements 
in all life cycle phases for production systems development. 
This enhances the ability to run all planning and development 
phases in parallel and thus reduce the entire production system 
development time and intensifies communication between all 
involved disciplines. The tailored requirements-driven SE 
approach based on an individual production system life cycle 
improves efficiency and effectiveness during interdisciplinary 
development for production systems. These requirements build 
a frame to keep the focus of production system development on 
target. Therefore requirements work as “guardrails” for the 
production system development and SE provides a transparent, 
collaborative developing environment.  
5. Conclusion and outlook 
This paper provides an abbreviated representation of 
production system development approaches. On this basis, 
potentials of SE improving this production system 
development are identified, or in other words a requirements-
driven SE approach based on requirements classification is 
tailored. Four key aspects and constraints, which are involved 
in every production life cycle phase are used to specify 
requirements. Based on this requirements categorization, all 
required production requirements are defined and clustered into 
three requirement groups. Subsequent an SE-based approach 
using these requirement groups to develop production systems 
is presented. The requirements-driven SE-approach supports 
risk, time and cost management during production 
development. This affects the efficiency and effectiveness of 
elaborating production processes and therefore the quality of 
the resulting produced product.  
Aim of this paper is to provide an interdisciplinary SE 
development approach based on requirements categorization, 
tailored for complex production systems. An interdisciplinary 
production system development contains the development of 
multiple production domains producing a product in a process-
integrated way. As state of the art, SE is used for complex 
interdisciplinary engineering done by an integrated team with 
members of all relevant domains and guidance of a tailored 
approach. The key tasks of the Systems Engineer are to define 
and specify requirements and to ensure the interdisciplinary 
collaboration.  
The requirements-driven SE-approach for generic systems 
does not match the individual features and specific life cycle of 
production systems. Therefore tailoring is essential for 
interdisciplinary development of production systems. The 
tailored approach presented in this paper is suitable both for 
planning as well as for technical and organizational 
implementation of production systems. It also supports 
identifying changes and risks during the development. In this 
paper, the requirements-driven approach is tailored for 
production system development. Considering recent 
developments in production system, measures to support 
interdisciplinary development of production systems are 
necessary. 
As future work, this theoretical approach needs to be 
adapted to actual production engineering tasks. During the 
adaption specified requirements are validated. Further a 
generic documentation for a SE-based production systems 
development approach shall be developed. This documentation 
shall serve as a guidance for the future SE-based development 
of production systems. Additionally, to address complete 
production systems, many other topics should be covered into 
a tailoring of other life cycle processes such as interdisciplinary 
challenges in creating architectural descriptions, and 
interdisciplinary challenges in production systems integration. 
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